This article is protected by copyright. All rights reserved. solution using Microscale Thermophoresis. We show that bacterial LysM domains have affinity for N-acetylglucosamine polymers (GlcNac) in the lower μM range. Moreover, we demonstrate that a single LysM domain is able to bind carbohydrate ligands and that LysM domains act additively to increase the binding-affinity. Our study reveals that affinity for GlcNac polymers correlates to the chain length of the carbohydrate and suggests that binding of long carbohydrates is mediated by LysM domain cooperativity.
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LysM domains bind peptidoglycan fragments in the low μM range
To further characterize the affinity for PGN, we assessed the binding of CwlS proteins to different lengths of commercially available PGN fragments (Fig. 3) 
purified from
Staphylococcus aureus or Bacillus subtilis. In this assay Microscale Thermophoresis (MST) [7] , a rather new technique that has been proven to be adequate for binding studies with aqueous phase carbohydrates, was used [8] . We first tested a soluble PGN tetramer from S. aureus and a soluble PGN trimer from B. subtilis (Fig. 3 ). Both were extracted from cell walls treated with glucosaminidase and endopeptidase, which leaves only GlcNac-MurNac disaccharides. The carbohydrate polymerization is maintained by the peptide chain since the MurNac-GlcNac bond has been hydrolysed (Fig. 3) .
MST experiments show that FL has an equilibrium dissociation constant (K D ) of 10.1 μM for S. aureus PGN tetramer (Table I) . Interaction also occurs when shorter PGN fragments are measured in this assay, but the binding affinities of S. aureus PGN trimer and B. subtilis PGN trimer are about one order of magnitude lower than that of S. aureus PGN tetramer (Table I ). In addition, the affinity for B. subtilis PGN dimer is about thirty times lower compared to S. aureus PGN tetramer (Table I ). This demonstrates that bacterial LysM domains have an affinity for PGN fragments in the low μM range. Furthermore, our data suggests that LysM domains have higher affinity for longer carbohydrate polymers.
LysM multiplicity increases affinity for peptidoglycan
To investigate the influence of LysM modules on binding affinity, we utilized the protein set where LysM domains had been removed one by one from N-to C-terminus (Fig. 1) . The binding capacities of these proteins were tested in aqueous phase using MST. 3LysM-Cata has similar affinity for S. aureus PGN tetramer as FL considering the K D value is about 9 μM. However, removal of two or three LysM domains influences the binding to PGN. Binding to PGN was indeed not detectable neither for 2LysM-Cata and 1LysM-Cata proteins nor for single LysM domains 1LysM_1 or 1LysM_4. In contrast, a protein derivative possessing only the four LysM domains (4LysM) has similar affinity as FL since it binds S. aureus PGN tetramer with an affinity of 6.8 μM. This shows that the binding contribution of the catalytic domain is negligible. This conclusion is reinforced by the fact that binding of Cata possessing only the NlpC/P60 catalytic domain to PGN fragments was not detectable (Table I) To extensively investigate the binding properties of a multiple LysM bacteria protein, we assessed the chitin binding capacities of all the CwlS protein derivatives (Fig. 1) . The affinity is similar for chitooctaose when comparing FL, 3LysM-Cata and 2LysM-Cata, but only weak binding was observed for the 1LysM-Cata (Table II) To further explore this hypothesis, the chitin binding capacities of 3LysM (LysM1 to LysM3) and 2LysM (LysM1 to LysM2) were assessed. These proteins have affinities comparable to 3LysM-Cata and 2LysM-Cata (Table II) . Together this data set indicates that LysM1, LysM2 and LysM3 have similar affinities whereas LysM4 seems to bind carbohydrates only weakly as observed in the PGN pull-down assay (Fig. 2C) and MST measurements (Table II) . Congruent with the MST results observed for PGN
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This article is protected by copyright. All rights reserved. fragments, the binding affinities of the single LysM domains gradually decrease with a reduction in the length of the chitin polymers (Table II) . could possibly engage in hydrophobic and Van-der-Waals interactions with GlcNac4 Nacetyl groups (Fig. 4) . To test this hypothesis, we substituted these three residues with Ala in the four LysM domains and determined the binding capacity of this protein derivative. These mutations are not expected to abolish totally the binding since in the CERK1 crystal structure the NAG residues 1 to 3 are also tightly bound but we expect that these mutations will affect binding affinity constants if the binding site is the same as in the CERK1 protein. Indeed, these substitutions led to the loss of binding capacity towards PGN fragments and drastically lower affinities for chitin polymers compared to FL (Table III) .
Similarity between the CwlS
To further complement the single LysM binding studies and to investigate the contribution of the individual LysM modules, we evaluated the effect of substitutions in LysM1 (Mut_LysM1) alone, and in combination with the another LysM domain:
LysM2 (Mut_LysM1_2), LysM3 (Mut_LysM1_3) and LysM4 (Mut_LysM1_4) (Fig.1 ).
Mutation of LysM1 alone has no impact on the binding capacity, since the affinity for chitooctaose is 1.64 μM (Table III) , which is comparable to that of 4LysM (Table II) and 3LysM (1.53 and 1.83 μM, respectively). Binding site substitutions in LysM1 in
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DISCUSSION
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another LysM domain of the same Cwls molecule or another LysM domain from a second Cwls molecule. Since peptidoglycan is a very long polymer [20] we propose that such intra-and/or intermolecular cooperativity is occurring in vivo. was suggested when chitooctaose was used as ligand [21] . Recent biochemical and structural data showed that Ecp6 possesses two binding sites one of high affinity in the pM order and a second one in the μM order [22] . GlcNac polymers [8, 23, 24, 25] . Recently, the affinity for chitin polymers from fungal protein was investigated. The Ecp6 protein with three LysM repeats have a low pM and μM affinity for long chitin polymers [21, 22] . Single LysM domain of plant or fungal chitinases have also μM affinity for chitin polymers [12, 15] . These binding studies together with our binding analysis of bacterial LysM protein demonstrates that LysM affinity for their cognate substrate range from low pM to high μM and that LysM affinity cannot be predicted by phylogenetics.
From our binding studies, we conclude that contrary to plant LysM domain containing receptors that have to discriminate between PGN, chitin polymers and lipooligosaccharide to distinguish between friends and foes [26, 27, 28] , bacterial LysM
domains might not have evolved to acquire high affinity for PGN, or to make distinctions among different GlcNac polymers. Firstly, because NlpC/P60 proteins are usually secreted in the vicinity of the cell wall where PGN is highly concentrated, therefore they do not need to have a high affinity for substrates and secondly, GlcNac polymers, like chitin, are not produced in bacteria.
MATERIALS AND METHODS
Generation of Plasmids
The CwlS gene, excluding the sequence encoding the first 26 amino acids predicted to were cloned in frame with the His-, S-and Thioredoxin-tags into pET-32 Ek/LIC expression vectors.
The CwlS mutant genes, FL-Mut and derivatives were all cloned into pGS-21a vector (containing both the His-and GST-tag), were purchased from GenScript. A sequence encoding the Tobacco Etch Virus (TEV) protease cleavage site was introduced in all the constructs to allow removing of the affinity tags during the protein purification process.
Protein Expression and Purification
All the proteins derivatives were expressed and purified in the same manner. Proteins Tris-HCl pH 8, 500 mM NaCl, 5 mM β-mercaptoethanol, 20 mM imidazole, and 1 mM benzamidine). The cells were then lysed by sonication, and centrifuged at 30,000 g for 45 min to remove cell debris. All the different proteins were purified using the same
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Endopeptidase activity assay
An overnight B subtilis cell culture (ATCC 6056) was grown in 100 ml LB media at 30˚C, with a rotational speed of 120 rpm. 1 ml of the overnight culture was grown in fresh LB under similar conditions. This procedure was repeated by diluting the overnight culture five times in fresh LB media, and the cells were used for turbidity assessment when an OD 600nm reading of 1.2-1.3 was achieved. All absorbance readings for the assay were obtained using the Jenway 6300 spectrophotometer. The B subtilis cells in the mid to late exponential growth phase were diluted with LB media to obtain an OD 600nm reading of ~0.9. 40 µM of each protein in gel-filtration buffer (GFB, described above) was added to the diluted cells in a 1:1 (v/v) ratio, and the mixture was incubated in a cuvette at 30˚C, with a rotational speed of 120 rpm. An OD 600nm reading was recorded at regular intervals of 20 min over a period of 140 min. The positive and negative controls were made by adding 120 µM of lysozyme in GFB, or GFB alone, to the diluted cells. The specific activity reflecting three independent experiments corresponds to the loss of OD 600nm and is expressed in μOD/min/μg.
Insoluble Peptidoglycan Pull-Down Assay
PGN from B. subtilis (Sigma-Aldrich) was dissolved in MOPS-NaOH pH 7 to a final concentration of 10 mg.ml -1 . Prior to the assay, PGN was heated at 100˚C for 10 min to 
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